A combination of theoretical calculation and the experimental synthesis to explore the new ternary compound is demonstrated in the Sr-Pt-Bi system. Because Pt-Bi is considered as a new critical chargetransfer pair for superconductivity, it inspired us to investigate the Sr-Pt-Bi system. With a thorough calculation of all the known stable/metastable compounds in the Sr-Pt-Bi system and crystal structure predictions, the thermodynamic stability of hypothetical stoichiometry, SrPtBi2, is determined. Following the high-temperature synthesis and crystallographic analysis, the first ternary bismuthide in Sr-Pt-Bi, SrPtBi2 was prepared, and the stoichiometry was confirmed experimentally. SrPtBi2 crystallizes in the space group Pnma (S.G. 62, Pearson Symbol oP48), which matches well with theoretical prediction using an adaptive genetic algorithm. Using first-principles calculations, we demonstrate that the orthorhombic structure has lower formation energies than other 112 structure types, such as tetragonal BaMnBi2 (CuSmP2) and LaAuBi2(CuHfSi2) structure types. The bonding analysis indicates that the Pt-Bi interactions play a critical role in structural stability. The physical property measurements show the metallic properties at the low temperature, which agrees with the electronic structure assessment. ABSTRACT: A combination of theoretical calculation and the experimental synthesis to explore the new ternary compound is demonstrated in the Sr-Pt-Bi system. Since Pt-Bi is considered as a new critical charge-transfer pair for superconductivity, it inspired us to investigate the Sr-Pt-Bi system. With a thorough calculation of all the known stable/metastable compounds in the Sr-Pt-Bi system and crystal structure predictions, the thermodynamic stability of hypothetical stoichiometry, SrPtBi 2 , is determined. Followed by the high temperature synthesis and crystallographic analysis, the first ternary bismuthide in Sr-Pt-Bi, SrPtBi 2 was prepared and the stoichiometry was confirmed experimentally. SrPtBi 2 crystallizes in the space group Pnma (S.G. 62, Pearson Symbol oP48), which matches well with theoretical prediction using an adaptive genetic algorithm (AGA). Using first-principles calculations, we demonstrate that the orthorhombic structure has lower formation energies than other 112 structure types, such as tetragonal BaMnBi 2 (CuSmP 2 ) and LaAuBi 2 (CuHfSi 2 ) structure types. The bonding analysis indicates the PtBi interactions play a critical role in structural stability. The physical properties measurements show the metallic properties with low electron-phonon interactions at the low temperature, which agrees with the electronic structure assessment.
INTRODUCTION
Exploring novel functional solid-state materials, which are key to technology innovation, is a longstanding goal in materials chemistry and physics. Because of various possibilities of combining atoms, discovering novel materials has long been found to be a time-consuming process. Traditionally, prediction of new compounds heavily relies on empirical or semi-empirical rules, such as electron counts and packing rules. [1] [2] [3] Current strategies involving informatics, machine learning, and using of materials databases, such as Materials Project and AFLOWLIB, opened up an efficient approach to expedite the search for functional solid state materials. [4] [5] [6] [7] Briefly, truly representative atomic combinations will be selected based on the highly performed computation. These atomic combinations will be evaluated by experimental synthesis to see which one is more stable and reliable. The process with a combination of experiments and theory has effectively reduced the scope for finding new materials. 8 As non-toxic heavy metals, bismuth shows the strong spin-orbital coupling effects, which provide bismuthides many unique and desirable properties for optoelectronic, thermoelectric and electronic device applications. 9 For example, three-dimensional Dirac fermions have been detected in the topological Dirac semimetal, Na 3 Bi. 10, 11 Such materials can be used as transistors and other electronic devices. 12 Usually, simple Bi-containing semiconductors or semimetals can be predicted using chemical valence arguments or Zintl-Klemm concepts. [13] [14] [15] Half-Heusler RPtBi (R= rare earth elements) compounds following 18e-rules show intriguing properties such as superconductivity in LuPtBi. [16] [17] [18] The Zintl-Klemm concepts can be employed for interpreting the charge balance in BaMnBi 2 , which is an antiferromagnetic Dirac material coexisting with superconductivity at high pressure. 19 BaMnBi 2 can be formulated as Ba 2+ Mn 2+ Bi -Bi 3- with Bi-Bi square planar in the structure. 20 However, if a system turns more complex with small difference in electronegativity among elements, chemical valence rules may fail in predicting crystal structures and properties. It is even harder to rationalize some subtle structural distortions or atomic distributions due to the complexity. For example, ternary rare-earth gallium bismuthide, LaGaBi 2 off the chemical balance, crystallizes in the hexagonal structure with 24 atoms per unit cell and La 6 trigonal prisms centered by Bi atoms. 21 Recently, we discovered the superconductivity in new monoclinic BaPt 2 Bi 2 . The research indicates the Pt-Bi antibonding is significant for inducing superconductivity. Thus, we extended our study to the SrPt-Bi system, which was unexplored before. To accelerate the targeted synthesis, we employed the crystal structure prediction and total energy calculation firstly to determine the thermodynamic stable stoichiometry. Using the predicted stoichiometry, we successfully synthesized the new SrPtBi 2 . Unlike other tetragonal 112-CuSmP 2 (BaMnBi 2 ) 19 or CuHfSi 2 (LaAuBi 2 ) 22 , SrPtBi 2 adpots the orthorhombic structure with space group Pnma, which is analogue to YNiSn 2 . 23 Electronic structure calculations based on the experimental crystal information have confirmed the structural preference and chemical stability of orthorhombic SrPtBi 2 . The heat capacity measurements show the metallic properties of SrPtBi 2 with weak electron-phonon interactions at the low temperature.
EXPERIMENTAL SECTION
Synthesis Polycrystalline samples of SrPtBi 2 were obtained via high-temperature solid-state method. Elemental strontium (> 99%, rod, Alfa Aesar), platinum powder (99.98%, ~ 60 meshes, Alfa Aesar) and ground bismuth powder (99.999%, lump, Alfa Aesar) were pelletized in the glovebox with a ratio of 1:1:2 and placed into an alumina crucible which was subsequently sealed into an evacuated (10 -5 torr) quartz tube. The sample was heated to 900 °C at a rate of 1 °C/min and annealing at 900 °C for 2 days. After that, the tube was quenched in the air. It yielded a mixture of SrPtBi 2 and minor PtBi 2 impurity. All products are sensitive in the moisture.
Phase Analyses and Structure Determination All SrPtBi 2 samples were ground finely and examined by a Rigaku MiniFlex 600 powder X-ray diffractometer equipped with Cu K  radiation (=1.5406 Å, Ge monochromator). A Bragg angle ranging from 5° to 90° in a step of 0.010° at the rate of 0.08°/min was taken to get a precise pattern. The lattice parameters and phase composition refinements were accomplished using JANA 2006 with LeBail model. 24, 25 Multiple crystals (~20 pieces) with roughly 0.02 mm diameter were picked up to carry out single crystal X-ray diffraction in case of heterogeneity. A Bruker Apex II diffractometer equipped with Mo radiation ( K = 0.71073 Å) was utilized to determine the structure at room temperature. The sample protected with glycerol was mounted on a Kapton loop. In order to guarantee the accuracy, seven different angles were chosen to take the measurement at room temperature with an exposure time of 15 seconds per frame while the width of scanning was 0.5. The direct methods and full-matrix least-squares on F 2 models along with SHELXTL package were employed to solve the crystal structure. 26 Data acquisition was made via Bruker SMART software which made corrections for Lorentz and polarization effects as well. 27 On the basis of face-index modeling, numerical absorption corrections were approached by XPREP.
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Scanning Electron Microscopy (SEM) Characterization was performed using a high-vacuum scanning electron microscope (JSM-6610 LV) and Energy-Dispersive Spectroscopy (EDS). Samples were quickly moved from the glovebox and mounted on the carbon tape because of the air-sensitivity before loading into the SEM chamber. Multiple points and areas were examined in each phase within multiple grains of a specimen. The samples were examined at 15 kV. Spectra were collected for 100 seconds.
Heat Capacity Measurements
The specific heat measurements were performed using a physical properties measurement system (PPMS) on pieces of SrPtBi 2 polycrystalline samples in Figure S1 . The measurements were operated over a temperature range of 1.8-300 K without applied magnetic field.
COMPUTATIONAL METHODS
Adaptive Genetic Algorithm (AGA) The crystal structure search was performed using the AGA method. 29, 30 AGA integrates auxiliary interatomic potentials and first-principles calculations together in an adaptive manner to ensure the high efficiency and accuracy. Interatomic potentials based on the embedded-atom method (EAM) were selected as the auxiliary classical potentials in the study of Sr-Pt-Bi system. 31 Structure searches of SrPtBi 2 were performed for unit cell sizes of 2, 3, 4, 6, and 12 formula units. During the searches, no symmetry constraint was applied and the total structure population was set to be 128. Convergence was considered to be reached when the lowest energy in the structure pool remained unchanged for 500 consecutive generations. At the end of each classical GA search, the lowest-energy structures were selected to perform first-principles calculations according to the AGA procedure, whose energies, forces, and stress were used to adjust the parameters of the EAM potential using the Potfit code. 32, 33 Finally, all of the structures used to tune the interatomic potentials during the AGA search were collected for higher-accuracy optimization by first-principles calculations.
Vienna Ab initio Simulation Package (VASP)
First-principles calculations were carried out using density functional theory (DFT) within a generalized gradient approximation (GGA) by VASP code. 34, 35 Projector augmented-wave method 36 was used to describe the valence configuration: 4s 2 4p 6 5s 2 for Sr, 5d 9 6s 1 for Pt, and 5d 10 6s 2 6p 3 for Bi. The GGA exchange-correlation energy functional parametrized by Perdew, Burke, and Ernzerhof was used.
37 Plane-wave basis was used with a kinetic energy cutoff of 520 eV. Monkhorst−Pack's scheme was adopted for Brillouin zone sampling with a k-point grid of 2π × 0.05 Å −1 during the AGA searches. 38 In the final structure refinements of the collected SrPtBi 2 structures from the AGA searches as well as the known binary/ternary compounds in the Sr-Pt-Bi system, a denser grid of 2π × 0.025 Å −1 was used, and the ionic relaxations stopped when the forces on every atom became smaller than 0.01 eV/Å. 39 To characterize the thermodynamical stability, the formation energy of any given structure Sr m Pt n Bi p was calculated using face-centered cubic (FCC) Pt, FCC Sr and rhombohedral Bi as references, i.e.
Tight-Binding, Linear Muffin-Tin Orbital-Atomic Spheres Approximation (TB-LMTO-ASA)
Calculations of the electronic and bonding features were performed by TB-LMTO-ASA using the Stuttgart code. [40] [41] Exchange and correlation were treated by the local density approximation (LDA).
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In the atomic sphere approximation method, the space is filled with overlapping Wigner-Seitz (WS) spheres. 43 During the calculation of SrPtBi 2 , the empty spheres are used to make the overlap of WS spheres limited to no larger than 16%. The WS radii are: 2.14-2.17 Å for Sr; 1.50-1.53 Å for Pt; and 1.63-1.79 Å for Bi. The basis set for the calculations included Sr 5s, 4d, Pt 6s, 6p, 5d, and Bi 6s, 6p wavefunctions. The convergence criterion was set to 0.1 meV. A mesh of 60 k points in the irreducible wedge of the first Brillouin zone was used to obtain all integrated values, including the density of states (DOS), band structure, and Crystal Orbital Hamiltonian Population (COHP) curves.
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RESULTS AND DISCUSSION
Construction of the Convex Hull Convex hull of the Sr-Pt-Bi system was constructed to investigate the stability of different stoichiometry, as plotted in Figure 1 . Because there is currently no ternary phase existing in the Sr-Pt-Bi system, its convex hull is determined solely by elemental Sr, Pt, Bi and the binary compounds. Thus, we performed a thorough calculation on all the known binary phases among Sr, Pt, and Bi. During our calculation, we also discovered several metastable binary phases in the Sr-Bi system, When the energy of the left hand side in the above reaction (energy of SrPtBi 2 ) is lower than that of the right hand side (sum of the energies of x*PtBi 2 , y*Sr 2 Bi 3 , z*SrPt 2 ), SrPtBi 2 is considered to be thermodynamically stable. Our calculation shows that the formation energy of the right hand side, i.e. the energy on the convex hull at the composition of SrPtBi 2 is -574.74 meV/atom. Exploration of the SrPtBi 2 Structural Space Our crystal structure searches of SrPtBi 2 were performed using unit cell sizes of 2, 3, 4, 6, and 12 formula units. The calculated formation energies of the obtained structures are plotted in Figure 2 (a) together with the hypothetical structures (BaMnBi 2 and LaAuBi 2 ) and the energy on the convex hull. The structures from the search are classified in terms of the Pt-Bi coordination number. It can be seen that structures below the convex hull are found for SrPtBi 2 . On the other hand, the hypothetical models with BaMnBi 2 and LaAuBi 2 -type structures have energies of ~35 meV/atom higher than the convex hull. The lowest-energy SrPtBi 2 structure is found be in the space group of Pnma with Pt@Bi 5 square pyramidal Bi5 coordination. It has ~50meV/atom lower formation energy than the one with Pt@Bi 4 tetrahedral Bi4 coordination in LaAuBi 2 -type and BaMnBi 2 -type.
Phonon spectrum of the orthorhombic SrPtBi 2 was calculated to investigate its dynamical stability. Calculations were performed using a supercell approach provided by the Phonopy code 45 where supercells with sizes of 144 atoms (1×3×1) and k-mesh of 2×2×2 were used. The phonon density-of-states (DOS) results are plotted in Figure 4 (b). It can be seen that there are no imaginary phonon frequencies in this structure, indicating that it is dynamically stable. Thus far, we demonstrate that SrPtBi 2 is a promising stoichiometry to discover new thermodynamically and dynamically stable compound. 2 The first ternary compound in Sr-Pt-Bi system, SrPtBi 2 , was produced by high temperature synthesis. To obtain the detailed chemical stoichiometry and atomic distributions, the single crystal X-ray diffraction was used to determine the crystal structure. SrPtBi 2 crystallizes in orthorhombic LuNiSn 2 -type structure with the space group Pnma, 23 same as our crystal structure prediction. The resulting structural analysis including the site occupancies, isotropic thermal displacements and atomic positions was shown in Table 1 and Table 2 . The flexible and mixed site occupancy models were utilized to test and confirm the atomic order and stoichiometry in SrPtBi 2 . Because of the heavy Pt and Bi elements, the site splitting was considered for the refinement, but no site splitting was observed. The three crystallographic independent Pt atoms form Pt@Bi 5 square pyramidal polyhedral, which share the edges and vertex with neighboring polyhedral. The Sr atoms were in the voids of Pt-Bi frames according to Figure 3(a) . As shown in Figure 3(b) and by the formation energies in 2(a), among the potential structures with 112 stoichiometry adopted by SrPtBi 2 , Pt@Bi 5 polyhedra in space group Pnma is determined to hold ~ 7 and ~ 48 meV per atom lower energy than Pt@Bi 4 and Pt@Bi 6 polyhedra, respectively. The refined powder X-ray diffraction pattern is shown in Figure 4 . The LeBail fitting was used to refine all lattice parameters. PtBi 2 was found as impurity (~10%) existing in the sample. Without refinement of the atomic sites or displacement parameters of all atoms, the obtained profile residuals R p is 5.98% with weighted profile residuals R wp 9.52%. Refined lattice parameters for SrPtBi 2 (orthorhombic symmetry, a = 17.093(2) Å; b = 4.8739(4) Å; c = 15.725(1) Å) were found consistent with single crystal X-ray diffraction data. In comparison, our theoretical calculation using DFT-GGA slightly overestimate the lattice parameters and gives a = 17.334 Å; b = 4.949 Å; c = 16.012 Å at equilibrium conditions. The chemical composition was further confirmed as Sr 1.1(1) Pt 1.0(1) Bi 1.8(2) by using Scanning Electron Microscopy (SEM), as shown in Figure S2 . 2 In order to understand the structural stability from the bonding aspect, electronic structures were calculated and shown in Figure 5 . We emphasized the range around Fermi level between the energy of -4.0 eV and 2.0 eV. In the DOS, we can easily see the 5d orbitals from Pt atoms contribute most below -3.0 eV, which means the electrons on 5d orbitals are relatively localized. Above -3.0eV, the states are dominated by the hybridization of electrons on Bi-s and p orbitals, Pt-s and d orbitals, and Sr-s orbital, in particular around the Fermi level. To specify the atomic interactions around Fermi level, the Crystal Orbital Hamilton Populations (-COHP) calculations were generated in Figure 5 (Middle), in which the positive part (+) indicates the bonding interaction while the negative part (-) indicates anti-bonding interactions. The outcome of the -COHP calculation demonstrates that the Pt-Bi interactions play a significant role in the structural stability and Fermi level locates on the non-bonding region in Pt-Bi interactions. Around Fermi level, the interplay between Bi-Bi anti-bonding and Sr-Bi bonding interaction governs the stability of SrPtBi 2 . Even the peak around Fermi level is observed in DOS, the band structure calculation shows that the bands are localized near the Fermi level with no saddle points which hints that superconductivity can rarely been found in this compound.
Experimental Confirmation of SrPtBi
Electronic Structure and Bonding Features of SrPtBi
Similar with the integrating electronic DOS which gives the number of electrons in the system, the integrated COHP hints towards the bond strength. [46] [47] To compare the atomic interactions within each model and understand the bonding strengths in different 112 structure models, the corresponding integrated COHP values are calculated and listed in Table 3 . Accordingly, in experimental SrPtBi 2 structure, the Pt-Bi interactions contribute most (~69%) in the structural stability while there exists no Pt-Pt interactions. On the other hand, the Pt-Bi interactions in LaAuBi 2 and BaMnBi 2 models are dramatically decreasing. The decreasing of Pt-Bi bonding strength leads to the instability of SrPtBi 2 in other two hypothetical models. Moreover, the changing trend for total energies is consistent with the Pt-Bi bonding strength of SrPtBi 2 in different models. In this regards, the Pt-Bi interactions play a significant role in determining the stability of the compound. It is worth noticing that the Pt-Pt interactions also contribute critically in the superconducting BaPt 2 Bi 2 but they are not observed in SrPtBi 2 . It may be the reason of SrPtBi 2 not being superconductor since the superconductivity requires the interplay between Pt-Bi and Pt-Pt interactions. Heat Capacity Measurements Temperature-dependent specific heat measurements were carried out as presented in Figure 6 (main panel), which plots C p vs T in zero applied field from 1.8 to 300 K. The inset of Figure 6 shows a plot of C p /T vs T 2 which was plotted to equation, = + 2 , where T 3 is the phonon contribution and  T is the electronic contribution to the specific heat. The Sommerfeld parameter, , was calculated to be 6.4(3) mJ/mol-f.u.K 2 . The small gamma indicates the metallic properties with strong electron-electron coupling and weak electron-phonon interactions. The Debye temperature Θ D can then be calculated with the following equation, Θ = ( 12 4 
)
1/3 , where R is the gas constant and n=4 for SrPtBi 2 . 48 Based on this Debye model, the Debye temperature is calculated to be 173 K, which also indicates the weak electron-phonon interactions. No anomalies were observed, such as phase transition or superconductivity. 
CONCLUSIOINS
The first ternary phase in Sr-Pt-Bi system, SrPtBi 2 , has been designed and obtained by coupling theoretical computation and experiments. SrPtBi 2 phase was synthesized and structurally characterized. It exhibits in the orthorhombic structure with space group Pnma. First principles electronic and phonon structure calculations substantiate the chemical stability of the new compound and indicate that no superconductivity may be observed in the phase. The heat capacity measurements confirmed the metallic properties. No superconductivity was detected down to 1.8K. With our newly discovered SrPtBi 2 phase, the phase diagram of the Sr-Pt-Bi system can be correspondingly updated as shown in Figure 7 . It can be seen that the existence of SrPtBi 2 (green star) alters the equilibrium stable phases at the compositions which are not the stable nodes, which will aid the search for the new superconductors in Sr-Pt-Bi system with the interplay between Pt-Pt and Pt-Bi interactions.
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